Antigenic encounter generates long-term immunity sustained by long-lived high affinity plasma cells resident in the bone marrow (BM). Here we show that the Ikaros family member, Aiolos, is specifically required for the generation of these plasma cells. Failure to generate high affinity plasma cells in the BM and to sustain serum antibody titers is apparent after both primary and secondary immunization of Aiolos Ϫ / Ϫ mice with a range of hapten concentrations. Chimera reconstitutions demonstrate that the BM plasma cell defect is B cell intrinsic. Lack of Aiolos does not alter expression of any of the previously described factors required for general plasma cell differentiation. No defect in somatic hypermutation, the generation of memory B cells, or short-lived high affinity plasma cells in the spleen was observed upon rechallenge. These studies support a model by which the high affinity plasma cell population in the BM undergoes a unique differentiation program that is dependent on Aiolos.
Introduction
One of the critical outcomes of primary exposure to Ag is the development of B cell memory. B cell memory is comprised of long-lived Ab-forming plasma cells (AFCs) and memory response precursors, both of which have undergone affinity maturation to provide Ag-specific immune protection. Long-lived Ab-secreting B cells accumulate in the BM shortly after primary immunization and are responsible thereafter for sustaining long-term systemic Ab production (1) (2) (3) . Upon rechallenge with Ag, memory response precursors rapidly differentiate into AFC and produce high titers of high affinity Abs. The cellular origins and developmental pathways that give rise to these distinct populations of long-lived memory B cells have not been delineated.
Upon antigenic stimulation, mature naive B cells accumulate and proliferate in the margins of the splenic T cell zone, known as the periarteriolar lymphoid sheaths, where they enter one of two developmental pathways. In the first of these, naive B cells remain at the margins of the periarteriolar lymphoid sheaths and differentiate into short-lived AFCs (see Fig. 7 ). These cells are formed early in the response, peak at 8-10 d after immunization, and decline rapidly thereafter (4, 5) . They produce low affinity Abs encoded by unmutated rearranged Ig genes. These low affinity extrafollicular AFCs have an immediate effector function that results in the quick clearance of Ag. In the second pathway, Agstimulated B cells migrate to the B cell follicle where they form a secondary follicle known as the germinal center (GC; for review see references 6 and 7). The GC is the site for affinity maturation of Ag-specific B cell clones and is characterized by histologically distinct light and dark zones. Within the dark zone of the GC, Ag-specific centroblasts undergo proliferation and somatic hypermutation that randomly diversifies their Ag receptor specificity. The fate of B cell clones that arise within the dark zone of the GC is determined by positive or negative selection in the light zone. A centrocyte will be rescued if it receives two survival signals: the first from follicular dendritic cells containing immune complexes on their complement receptor (CR2), and the second from Ag-specific T cells. It has been proposed that the fate of a centrocyte is determined by the intensity of signals it receives as it reencounters Ag on resident follicular dendritic cells: higher levels of B cell receptor (BCR) signaling select for high affinity variants, intermediate levels send B cells for recycling through the GC the potential benefit of additional mutations, whereas low levels signal death by apoptosis (6) . It is from GC B cell clones selected for their high Ag affinity that high affinity AFCs and memory B cells arise.
2 wk after antigenic encounter, long-lived high affinity AFCs appear in the BM (3) . Over time, these BM AFCs progressively increase in number and affinity, possibly due to post-GC affinity-driven clonal competition and selection events (6) . The BM contains Ͼ 90% of the high affinity AFCs (8) and is the primary source of high affinity serum Abs (3) . As serum Abs have half-lives of Ͻ 3 wk (9), the BM AFC population is responsible for long-term Ab production, and Ag-specific BM AFCs have been detected at least 1 yr after immunization (3, 8) . Thus, the pathway leading to differentiation of high affinity AFCs in the BM is critical for long-term protective immunity.
Memory B cells arise later in the immune response, increasing in number as the GC declines, constituting a stable and distinct population at 21 d after immunization (10) . Because the kinetics of long-lived AFC and memory B cell formation differs significantly, it is thought that they derive from distinct stages of the GC pathway (6) . Long-lived BM AFCs do not proliferate upon secondary challenge, so their reported increase (8-10-fold) presumably arises from Aginduced proliferation and differentiation of memory B cells (8) . Recent efforts to delineate the origins and cellular composition of the memory B and long-lived AFC compartment have revealed considerable complexity and heterogeneity in both populations (6) . The molecular mechanisms that regulate their induction and maintenance remain ill defined.
Aiolos is a member of the Ikaros gene family of nuclear regulators, presumed to function by modulating chromatin structure. In contrast to Ikaros, Aiolos expression is restricted to the B and T cell lineages and is not detected in nonlymphoid hematopoietic cell types. Unlike Ikaros, Aiolos deficiency does not affect early B cell differentiation in the BM, consistent with its absence or low expression relative to Ikaros at these early developmental stages (11, 12) . In mature and recirculating B cells, however, Aiolos is expressed at much higher levels than Ikaros. Importantly, lack of Aiolos lowers the activation threshold of mature peripheral B cells in response to BCR and CD40 receptor engagement, thereby augmenting their proliferative capacity. These changes in B cell signaling and proliferation correlate with the increased number of GCs observed in aging Aiolos-deficient (Aio Ϫ / Ϫ ) mice in the absence of immunization (12) . A deficit in marginal zone B cells is also detected in the Aio Ϫ / Ϫ mice and has been attributed to an altered signaling threshold in the newly emerged naive peripheral B cells (13) . In addition, aging Aiolos mice develop nuclear autoantibodies and symptoms of systemic lupus erythromatosous, and exhibit an increased incidence of B cell lymphomas (12, 14) .
In this investigation we examine the role of Aiolos in the development of Ag-specific T cell-dependent immunity using the hapten nitrophenyl (NP) response model. We show that Aiolos plays a critical role in the generation of BM AFCs required for long-lasting immunity. The BM AFC defects in Aio Ϫ / Ϫ mice are intrinsic to the B cell compartment and do not appear to involve previously described factors that regulate differentiation of all plasma cell subsets.
Materials and Methods
Mice and Chimeras. Aio Ϫ / Ϫ mice (12) were backcrossed to C57BL/6 mice for nine generations. C57BL/6-Igh a Thy1 a and RAG1 Ϫ / Ϫ mice were purchased from Jackson ImmunoResearch Laboratories. For chimeras, 5 ϫ 10 6 whole BM cells were injected into the tail vein of sublethally irradiated (950 rads) RAG1 Ϫ / Ϫ mice. Recipient mice were injected with whole BM from WT C57BL/6-Igh a Thy1 a mice, Aio ϪրϪ Igh b Thy1 b mice, or a 50:50 mixture and maintained on antibiotic water. Mice were maintained under pathogen-free conditions and allowed to reconstitute for 6 wk before immunization.
Ags and Immunizations. NP 22 -chicken ␥ globulin (CGG; Biosearch Technologies) was precipitated in alum (AL(OH)3) at 4 Њ C overnight at a concentration of 1 mg/ml NP-CGG. Mice were immunized i.p. with 50 g NP 22 -CGG conjugate precipitated in alum. An i.p. boost was performed with 50 g NP 22 -CGG 45 d after primary immunization. For chimeric mice, primary immunization was at 6 wk after reconstitution and the boost was 3 wk later.
ELISPOT. The frequency of NP-specific AFCs in both the BM and the spleen was estimated by ELISPOT using two different coupling ratios of NP-BSA (Biosearch Technologies) as previously described (1) .
Measurement of Serum Ab. Abs specific for the NP hapten were detected by ELISA using NP 4 -BSA and NP 23 -BSA as previously described (1) . Values are displayed as arbitrary units after subtracting the background from blocking buffer.
VH Gene Sequencing. Single cell suspensions were prepared from the spleens of mice 13 d after primary immunization with NP. Cells were stained with anti-B220-PE and anti-GL-7-FITC and double positives were sorted into DNA lysis buffer. A twostep PCR strategy was used to exclude the recognition of V186.2-related gene segments and enrich specifically for V186.2. PCR products were cloned and sequenced with the V186.2-specific oligonucleotide used for PCR. For analysis of endogenous hypermutation at the J-C intron, cell suspensions were made from Peyer's patches of unimmunized WT and Aio Ϫ / Ϫ mice. DNA purified from GC B cells (B220 ϩ PNA hi ) was amplified and sequenced as previously described (15) .
B Cell Purification. Single cell suspensions were prepared from the spleens of unimmunized (4-5 wk) WT and Aio Ϫ / Ϫ mice. B cells were purified (90-95%) using an immunocolumn (Cedarlane).
Flow Cytometry. Single cell suspensions were prepared from the femurs and spleen and Fc receptors were blocked with anti-CD16/CD32 Ab. Cells were stained with NP conjugated to allophycocyanin, anti-Ig -PE, anti-B220-allophycocyanin, anti-CD138-PE, and FITC-conjugated anti-CD3 , Mac-1, Gr-1, and Ter119. Chimeric mice were analyzed for reconstitution and relative B/T contribution by staining with anti-Thy1.1-FITC and anti-Thy1.2-PE or anti-Igh a -FITC and anti-Igh b -PE.
RT-PCR. Purified B cells (10 6 /ml) were cultured in RPMI with 20 g/ml LPS (Sigma-Aldrich). After 4 d, total RNA was extracted and reverse transcribed using random primers. cDNA was amplified as follows: 25 cycles for 30 s at 94 Њ C, 30 s at 60 Њ C, and 60 s at 72 Њ C. Primers used to PCR amplify Bcl-2, Bcl-x L , Bcl-6, and ␤ -actin have been described (16) . Other primers designed to span an intron were: XBP-1 S: 5 Ј -CGCAAGCG-GCAGCGGCTCACGCAC-3 Ј and XBP-1 A: 5 Ј -GACTCAG-CAGACCCGGCCACCAGC-3 Ј ; Blimp-1 S: 5 Ј -GTTCCCAA-211 GAATGCCAACAGGAAG-3 Ј and Blimp-1 A: 5 Ј -CACTGTG-AGCTCTCCAGGATAAGG-3 Ј ; IRF4 S: 5 Ј -GTTCCGAGAA-GGGATCGACAAGCC-3 Ј and IRF4 A: 5 Ј -GTGTGACTGG-TCAGGGGCATAATC-3 Ј ; c-Myc S: 5 Ј -CGGGCAGACACT-TCTCACTGGACC-3 Ј and c-Myc A: 5 Ј -CTTCCAGATA-TCCTCACTGGGCGC-3 Ј ; J-chain S: 5 Ј -GGATCATCCCT-TCCACCGAGGATC-3 Ј and J-chain A: 5 Ј -CTCACCAT-GATACCCAGGTGGGAC-3 Ј ; CXCR4 S: 5 Ј -GTGATCCTG-GTCATGGGTTACCAG-3 Ј and CXCR4 A: 5 Ј -GCTGAC-GTCGGCAAAGATGAAGTC-3 Ј ; and Fas S: 5 Ј -GCACAG-AAGGGAAGGAGTACATGG-3 Ј and Fas A: 5 Ј -CAAGGATG-GTCAACAACCATAGGC-3 Ј . PCR reactions were performed in the presence of ␣ -32 P-dCTP, and products were quantified using a PhosphorImager normalized to ␤ -actin.
Results
Aio ϪրϪ Mice Mount a Normal Low Affinity AFC Response to Ag. To determine the role of Aiolos during an immune response, Aio Ϫ / Ϫ mice were immunized with the T celldependent Ag NP-CGG in alum. The Aio Ϫ / Ϫ mice used in this study were 3-5 wk of age, a time point before the "spontaneous" development of GC reactions, which form over time in the absence of immunization (12) . The ligands NP 4 -BSA or NP 23 -BSA were used to determine the affinity of Abs produced by AFC in an ELISPOT assay. Densely haptenated NP (NP 23 -BSA)-coated plates are bound by both high and low affinity anti-NP Abs, whereas sparsely haptenated BSA (NP 4 -BSA)-coated plates are bound only by high affinity anti-NP Abs. Low affinity IgM-producing AFCs in the spleen and BM of Aio Ϫ / Ϫ mice were within physiological range at 14 d after immunization and declined by day 30 to levels similar to WT (Fig.  1 A) . Thus, Aio Ϫ / Ϫ mice showed no defect in the production of low affinity AFCs during the primary response.
The Primary High Affinity AFC Response to Ag Is Impaired in Aio ϪրϪ Mice. 2 wk after primary immunization with NP-CGG, a significant number of high affinity IgG1-secreting AFCs ( Fig. 1 B , left, 4,323 AFCs/total BM) was detected in the BM of WT mice, consistent with previous reports. At this time, high affinity AFCs constituted three fourths of the total AFCs in this location ( Fig. 1 B, right) . In sharp contrast, a very small number of IgG1-producing AFCs was detected in the BM of the Aio Ϫ / Ϫ mice, all of which were low affinity ( Fig. 1 B, 197 NP 23 binding and no NP 4 binding). An almost 30-fold difference in the number of total BM AFCs was calculated between WT and Aio Ϫ / Ϫ mice ( Fig. 1 B, 5 ,562 vs. 197 AFCs/total BM). To rule out the possibility that these differences are simply due to a delay in BM AFC production in Aio Ϫ / Ϫ mice, the number of high affinity AFCs was monitored over a period of 120 d after primary immunization ( Fig. 1 B) . Aio Ϫ / Ϫ mice showed no significant increase in high or low affinity AFCs over this period.
After primary immunization, high affinity IgG1-secreting AFCs were also present in the spleens of WT mice, although at a much lower frequency than in the BM. The number of IgG1 anti-NP-producing AFCs in the spleens of Aio Ϫ / Ϫ mice was lower than WT from 14 to 120 d after the primary response ( Fig. 1 C) . In addition, most AFCs detected in the Aio Ϫ / Ϫ spleens were low affinity, whereas, a significant number of high affinity clones were observed in the spleens of WT controls ( Fig. 1 C) .
Selection but Not Somatic Hypermutation Is Partially Impaired in the Aio ϪրϪ GC. To address whether the defect responsible for the high affinity AFC deficit in Aio Ϫ/Ϫ mice originates in the GC, the composition of GC B cells in Aio Ϫ/Ϫ versus WT mice was examined 13 d after primary immunization with NP. Early in the NP response, B cell clones present in the GC express Ig receptors with VH gene segments that belong to the V186.2 or V3 subgroups of the J558 VH family (17) . Later in the NP response, the predominating B cell clones express a higher affinity Ig receptor containing the V186.2 gene segment that is referred to as canonical. GC B cells (B220 ϩ /GL7 ϩ ) were isolated and 10,000-50,000 cell equivalents were amplified in a seminested PCR using V186.2-specific and JH2 intron prim- ers, and then cloned products were sequenced. Both canonical and noncanonical members of the V186.2 and V3 gene subfamilies can be detected by this amplification strategy due to sequence conservation in their respective promoters. Consistent with previous reports (17), 92% of independent B cell clones obtained from WT GCs contained productive V(D)J rearrangements using the V186.2 gene segment ( Table I , 34 out of 37). In contrast, only 41% (Table I, Analysis of the canonical V186.2 gene sequences from Aiolos and WT GC B cell clones revealed that 68% were mutated in the Aio Ϫ/Ϫ B cell population, whereas almost all (97%) were mutated in the control population (Table I) . The tryptophan to leucine (W→L) replacement at position 33 in the CDR1 of V186.2 provides a dramatic increase in the NP affinity of V186.2 and is considered a hallmark of clonal selection (17, 18) . Of the Aio Ϫ/Ϫ GC B cell clones with a canonical V186.2 gene segment, only 8% had the W→L mutation versus 41% percent of the V186.2-bearing WT clones (Table I ). In addition, only 24% of the V186.2-containing sequences had the affinity-enhancing YYGS/N motif in the CDR3 of Aio Ϫ/Ϫ GC B cells versus 44% in WT.
During the course of a typical GC reaction, the ratio of amino acid replacement to silent mutations (R/S) in the CDRs and framework regions of the VH genes of NP-specific B cells changes in a manner consistent with selection for improved Ag binding. Namely, it increases in the former and decreases in the latter. The R/S ratio in the CDR1-2 of the Aio Ϫ/Ϫ -derived V186.2 sequences was 5.3, whereas for the WT-derived sequences it was 10.6 (Table I) , consistent with strong selection for higher affinity receptors (18) .
Although normal selection among Aio Ϫ/Ϫ GC B cells is clearly impaired, it is possible that additional defects in somatic hypermutation are responsible for the lower frequency of mutations observed among the canonical sequences derived from Aio ϪրϪ GC B cells. To address this possibility, Peyer's patch GC B cells were isolated and analyzed for unselected mutations at the intronic 3Ј flank of the VH segment. Because the mutations analyzed are within the J H -C H intron (15) , this approach allows for a study of the mutational process without the skewing effects of antigenic selection and potential complications arising from multiple V gene usage. A similar proportion of sequences analyzed from Aio Ϫ/Ϫ and WT B cells contained mutations (Table II, 96 vs. 97%). The frequency of mutations was also similar (Table II, Taken together, these studies indicate that Aio Ϫ/Ϫ mice have no intrinsic defect in somatic hypermutation, but exhibit impaired B cell selection within the GC that reduces but does not ablate the emergence of high affinity B cell variants from the GC.
Antigenic Rechallenge Reveals Memory B Cells but Not BM AFCs in Aio ϪրϪ
Mice. To determine whether memory B cell formation was affected in Aio Ϫ/Ϫ mice, the frequency of NP-binding Ig ϩ B lymphocytes was analyzed by flow cytometry 6 d after boost. Although NP-specific B cells were undetectable before immunization, they were present at similar numbers in WT and Aio Ϫ/Ϫ spleens (Fig. 2 A) and BM (not depicted) after secondary immunization. These cells do not express CD138 or other plasma cell markers (not depicted).
Consistent with the expansion of memory B cells after restimulation, the number of high affinity AFCs in the spleens of WT mice was also dramatically increased 6 d after boost (Fig. 2 B) . A similar increase was observed in the spleens of Aio Ϫ/Ϫ mice at this time ( Fig. 2 B, 13 ,896 in Aio Ϫ/Ϫ vs. 16,246 in WT). This population of splenic 213 AFCs, however, was relatively short-lived, as it had significantly declined by day 14 in both WT and Aio Ϫ/Ϫ mice. In WT mice, the BM AFC expansion triggered by secondary antigenic encounter is more than 10-fold greater to that seen during primary response (compare Figs. 1 B and 2  B) . In sharp contrast, restimulation with Ag failed to increase the high affinity AFCs in the BM of Aio Ϫ/Ϫ mice, which remained as low as after primary stimulation (Fig. 2  B) . By day 14 after restimulation, there was a 30-fold difference in the frequency of the high affinity anti-NP AFCs of IgG1 isotype produced in the BM of Aio Ϫ/Ϫ compared with WT mice (Fig. 2 B, 2 ,806 vs. 73,398, respectively).
To rule out the possibility that in the absence of Aiolos high affinity Ag receptors switch to a different isotype than the one normally induced by NP on a WT C57BL/6 background, the frequency of high affinity AFCs was measured for all Ig isotypes. A minimal amount of high affinity AFCs of IgE, IgA, and IgG isotypes was detected in Aio Ϫ/Ϫ mice 14 d after secondary immunization (Fig. 2 C, left) . As expected, a large number of AFCs was present in the BM of WT littermates, all of which produced high affinity anti-NP IgG1 (Fig. 2 C, left and middle) . The only anti-NP AFCs present in the Aio Ϫ/Ϫ BM was a small population secreting low affinity IgM (Fig. 2 C, right) . These AFCs are likely the result of a primary response generated during the course of secondary immunization.
To evaluate the overall ability of Aio Ϫ/Ϫ mice to mount a high affinity AFC response, the total number of AFCs (mostly obtained from BM and spleen) was examined. After the first encounter with Ag, the total number of high 23 (bottom) as the coating Ag. Each point represents an individual mouse (day 7, n ϭ 7; day 40, n ϭ 4 for WT; n ϭ 6 for Aio Ϫ/Ϫ ; day 7 after 2Њ, n ϭ 5 for WT and n ϭ 7 for Aio Ϫ/Ϫ ; day 13 after 2Њ, n ϭ 3 for WT and n ϭ 4 for Aio Ϫ/Ϫ ; days 18 and 50 after 2Њ, n ϭ 3) and data are from one of at least three representative studies. The arrows represent time of immunization. affinity NP-specific AFCs in Aio Ϫ/Ϫ mice was on average 10-fold lower than WT (Fig. 3 A, from day 14 to 120) . After rechallenge with Ag, an increase was initially seen in the total number of high affinity AFCs in the Aio Ϫ/Ϫ mice, which was accounted for by the splenic compartment. This increase was short-lived, however, and by day 14 the difference in total AFCs between WT and Aio Ϫ/Ϫ mice increased to ninefold (Fig. 3 A) . Thus, although memory B cells are produced in Aio Ϫ/Ϫ mice and upon recall can differentiate into short-lived high affinity splenic AFCs, they fail to generate the long-lived high affinity AFC population in the BM.
The High Affinity Serologic Response to Ag Is Also Impaired by Aiolos Deficiency. AFCs in the spleen, BM, and possibly other sites together contribute to the titer of high affinity serum Abs. Before immunization, Aio Ϫ/Ϫ and WT mice exhibited similar levels of total serum IgM and IgG and no detectable anti-NP Abs (not depicted). After immunization, and consistent with the profound defect in BM AFC activity, the titers of high affinity anti-NP IgG1 Abs in the serum of Aio Ϫ/Ϫ mice were low compared with WT and remained low for an extended period of time (Fig. 3 B) . 13 d after secondary immunization, a small transient increase in the levels of high affinity NP-specific IgG1 Ab was detected in the serum of Aio ϪրϪ mice. This increase in Ab titers correlates with the appearance of the short-lived splenic AFC population in the Aio Ϫ/Ϫ mice upon rechallenge (compare A and B in Fig. 3 ). However, Abs have a short half-life and continuous secretion by AFCs is required to maintain their serum level. Because the only high affinity AFCs present in the Aio Ϫ/Ϫ spleen were short-lived, so was the serum Ab, and by day 50 after secondary immunization the titers of Ag-specific Ab were reduced to background levels.
Different Doses of Ag Fail to Reveal High Affinity BM AFCs in Aio ϪրϪ
Mice. B cells from Aio Ϫ/Ϫ mice undergo augmented in vitro proliferative responses upon BCR and CD40 ligation (12) . It is therefore possible that the impairment in the NP response in Aio Ϫ/Ϫ mice was due to excessive BCR signaling triggered by the levels of immunizing Ag, which caused an aborted response. To examine this possibility, mice were immunized with lower doses of Ag (1 and 10 g NP-CGG). The response was measured by both the AFC frequency in the BM and spleen of immunized animals and by the anti-NP Ab serum titers. At lower doses of immunizing Ag, there was a diminished anti-NP response in WT mice and almost no response in Aio Ϫ/Ϫ mice (not depicted). Aio Ϫ/Ϫ mice were also immunized with high doses of Ag (100 g NP-CGG). The results followed a similar trend to those obtained at lower doses (10 and 50 g) of immunizing Ag (not depicted). These studies demonstrate that Aiolos deficiency impairs BM AFC generation and that different levels of antigenic stimulation are not sufficient to overcome the defect.
The Defect in BM AFC Formation in Aio ϪրϪ
Mice Is Intrinsic to B Cells. Aiolos is not only expressed in B cells but also in T cells (11) . Generation and maintenance of high affinity AFCs in the BM is dependent on adequate T cell help and BM stromal support (6) . To determine whether the AFC deficit in Aio Ϫ/Ϫ mice was intrinsic to B cells or due to a defect in T cell help or stromal support, BM chimeras were generated. Irradiated RAG1 Ϫ/Ϫ recipients were adoptively transferred with whole BM from WT C57BL/6-Igh a Thy1 a mice, Aio Ϫ/Ϫ Igh b Thy1 b mice, or a 50:50 mixture of WT and Aio ϪրϪ cells. 6 wk after reconstitution, mice were immunized with 50 g NP-CGG in alum, boosted at 3 wk, and killed 14 d later (Fig. 4 A) . Analysis of BM and spleen populations in the RAG1 Ϫ/Ϫ chimeras revealed a normal number of reconstituted B and T cells. All B cells from WT-reconstituted mice were of the Igh a haplotype, whereas B cells from Aio Ϫ/Ϫ -reconstituted mice were of the Igh b haplotype (Fig. 4 B, IgM a vs. IgM b ) . Mice that had received a 50:50 BM mixture from WT and Aio Ϫ/Ϫ mice had B cells of both the Igh a and Igh b haplotype. This was also the case for T cells, which were Thy1 a in WT, Thy1 b haplotype in Aio Ϫ/Ϫ , and an equal mixture of Thy1 a / Thy1 b in the 50:50 chimeras (Fig. 4 B) . However, although T cells in the 50:50 chimeras were equally derived from WT and Aio Ϫ/Ϫ cells, there was a bias toward the generation of Aio Ϫ/Ϫ -derived B cells ‫1:3ف(‬ ratio for Aio/ WT instead of the expected 1:1; Fig. 4 B) . This result did not, however, affect our ability to evaluate whether WT T cells, B cells, or BM could correct the Aio Ϫ/Ϫ AFC phenotype.
Analysis of the reconstituted mice revealed a significant number of WT-derived BM AFCs in both WT and WT/ Aio Ϫ/Ϫ chimeras (Fig. 4 C, left, IgG1 a ) . The lower number of WT AFCs seen in WT/Aio Ϫ/Ϫ chimeras correlates with the overall lower number of Igh a B cells present in these mice. In spite of the normal or increased Aio Ϫ/Ϫ B cell reconstitution in chimeras, their contribution to high affinity anti-NP AFCs in the BM was very limited (Fig. 4 C, left,  IgG1 b ) . In contrast, the number of splenic AFCs was similar in the three groups (Fig. 4 C , right, IgG1 a and IgG1 b ), consistent with previous findings that Aio Ϫ/Ϫ mice generate splenic AFCs at normal frequencies after secondary immunization (Fig. 2 B) . Thus, the deficiency in high affinity AFCs in the BM of Aio Ϫ/Ϫ mice is not due to insufficient T cell help, stromal support, or potential interactions with other B cell populations. Rather, it reflects an intrinsic requirement for Aiolos in the development of this specific subset of long-lived plasma cells.
Aiolos-deficient B Cells Do Not Exhibit Defects in Known Plasma Cell Differentiation Markers.
Given that AFC populations are primarily operationally defined, we examined the ability of Aio Ϫ/Ϫ B cells to differentiate into plasma cells in vitro. After 4 d of LPS stimulation of purified splenic B cells, we examined Ig levels in the culture supernatants. Although a decrease in IgM and IgG3 production was observed in Aio Ϫ/Ϫ cultures, there was no overall difference in the ability to produce different Ig isotypes under these conditions (Fig. 5 A) . Similar results were obtained in B cell cultures treated with anti-CD40 or anti-CD40 and IL-4, stimuli that recapitulate the in vivo physiological response (not depicted). We also examined the expression of gene products whose activity has been shown to be critical for the differentiation of all plasma cells. XBP-1, Blimp-1, and IRF-4 are transcriptional regulators required in this process. The J chain is up-regulated upon plasma cell differentiation and is required for IgM and IgA secretion (19) . Similar increases in the transcripts of three of the four genes were detected in cultures of Aio Ϫ/Ϫ and WT B cells stimulated for 4 d with LPS (Fig. 5 B) . A greater induction of IRF-4 was detected in the Aio Ϫ/Ϫ cultures.
The high affinity BM AFC population is thought to originate within the GC. Therefore, we probed the Aio Ϫ/Ϫ GC B cell compartment for changes in gene expression that may underlie the AFC deficit. We were particularly interested in factors that have been reported to be important in clonal selection or survival of the memory B and AFC populations. The level of the apoptotic factor Fas in the Aio Ϫ/Ϫ GC B cells was significantly higher than in WT counterparts (average 2.5-fold increase; Fig. 5 C) . A threefold increase in Fas was also observed in LPS-stimulated Aio Ϫ/Ϫ B cell cultures (not depicted). A small but consistent increase in the antiapoptotic factor Bcl-2 was also observed. No significant changes in Bcl-x L , Bcl-6, or c-myc were seen between WT and Aio Ϫ/Ϫ GC B cells (Fig. 5 C) . Recent studies have shown that a small fraction of GC B cells express plasma cell-associated genes such as Blimp-1 and J chain, indicating commitment to the plasma cell lineage (20) . In WT mice, a small increase in the expression of Blimp-1 and J-chain was observed from naive to GC B cells. Interestingly, this increase was seen at a more pronounced level in Aio Ϫ/Ϫ GC B cells (Fig. 5 D) , indicating that plasma cell differentiation is taking place.
It is possible that centrocytes exit the GC and differentiate into plasma cells but cannot migrate to the BM. To test the possibility of a possible homing defect, GC populations were also examined for expression of chemokine receptors.
CXCR5 and CCR7 are normally down-regulated in GC B cells, whereas CXCR4, the receptor responsible for homing to the BM, remains high. A similar pattern of chemokine receptor expression was detected in WT and Aio Ϫ/Ϫ GC B cells (Fig. 5 E) . It is still formally possible that AFC precursors, which comprise a very small subpopulation of the GC, are defective in BM homing due to deregulation in some other chemokine receptor.
Aio ϪրϪ Plasma Cells Express Normal Survival, Differentiation, and Homing Gene Profiles. Next, we examined the CD138 ϩ B220 Ϫ population that is enriched in plasma cells. A slight decrease in the number of CD138 ϩ B220 Ϫ cells was seen in the BM of Aio Ϫ/Ϫ mice 14 d after secondary immunization, whereas in the spleen there was an increase in this population (Fig. 6 A) . ELISPOT analysis of the sorted cells, however, revealed a major deficiency in NP-specific AFC activity when obtained from the BM of Aio Ϫ/Ϫ mice (Fig. 6 B) .
The CD138 ϩ B220 Ϫ population was also examined for mRNA levels of genes involved in plasma cell survival, homing, and differentiation. Plasma cells have up-regulated cell surface expression of several adhesion molecules involved in their survival and homing (21) . Expression of CD44, VLA-4, and LFA-1 was increased in BM and splenic plasma cells compared with naive B cells. This increase was seen in CD138 ϩ B220 Ϫ populations obtained from both WT and Aio Ϫ/Ϫ mice (Fig. 6 C, i) . Consistent with our previous results (Fig. 5) , the lymph node chemokine receptors CXCR5 and CCR7 were down-regulated in plasma cells, whereas they were expressed in naive B cells (Fig. 6 C, ii) . CXCR4, in contrast, was up-regulated in splenic plasma cells compared with naive B cells, although there was some expression in BM naive B cells (Fig. 6 C, ii) . No obvious difference in chemokine receptor expression was seen between WT and Aio Ϫ/Ϫ cells. Plasma cell function-associated genes J-chain, Blimp, CD138, IRF4, and XBP-1 and ER stress genes GRP78 and GRP94 are increased in the CD138 ϩ cells with respect to naive B cells, and lack of Aiolos did not impair expression of any of these genes (Fig. 6 C, iii) . In addition, down-regulation of PAX5, which is required for development of plasma cells (20) , was seen in both WT and Aio Ϫ/Ϫ plasma cells (Fig. 6 C, iv) . These results suggest that the lack of functional NP-specific AFCs in Aio Ϫ/Ϫ mice was not due to an inability to regulate previously described genes involved in general plasma cell differentiation, homing, or function. Rather, they support a model in which Aiolos is necessary for suitable plasma cell differentiation or function in the BM, possibly through unknown targets.
Discussion
Ag-specific Ab-secreting B cells generated during an immune response are thought to arise from distinct differentiation pathways and comprise a heterogeneous population with specific effector properties. It is the combination of these effector cells that is responsible for providing effective short-term and long-term immunity. Here we investigate the generation of plasma cells during the T cell-dependent immune response to NP in Aiolos-deficient mice and provide new insight into the regulatory requirements responsible for the generation of different plasma cell populations. The long-lived high affinity plasma cells that reside in the BM are absent in the Aiolos-deficient mice after both primary and secondary antigenic challenge. This indicates that a defect is manifested not only during the initial generation of this type of plasma cell from the GC, but also in their subsequent production from memory B cells. However, the short-lived low and high affinity plasma cell populations found in the spleen remain unaffected.
Early in the response, naive B cells that have encountered Ag can directly differentiate into low affinity plasma cells (Fig. 7, population A) . These plasma cells are found in the spleen and BM and constitute the first line of defense against pathogens. They have not undergone somatic hypermutation or isotype switching and disappear quickly after antigenic encounter. Aiolos deficiency does not interfere with this early and short-lived plasma cell response.
Later in the response, a high affinity plasma cell population accumulates in the BM (Fig. 7 , population CЈ) that is long-lived and responsible for the long-term systemic production of high affinity Abs required for protective immunity. Lack of Aiolos selectively ablates this BM plasma cell population. Aio Ϫ/Ϫ mice show no significant number of plasma cells in the BM for several months after immunization, a period during which their number in the BM of WT mice has peaked. These findings indicate that there is no delay in the formation of AFCs. Thus, Aiolos is required for the generation of either a GC-derived high affinity AFC (Fig. 7, population CЈ) or a GC-derived AFC precursor that homes to the BM (Fig. 7, population C) . It is possible that Aiolos is necessary for the differentiation, homing, or survival of this population.
The presence of long-lived plasma cells in the BM is dependent on the GC reaction. Disruption of the GC by anti-CD40L Abs leads to a reduction of high affinity plasma cells in the BM while sparing the extrafollicular and low affinity subsets (22) . Because formation of the high affinity BM plasma cells is impaired in Aio Ϫ/Ϫ mice, we examined whether there was a defect in the GC reaction. Previous experiments have shown the existence of GC in the spleens of aging unimmunized Aio Ϫ/Ϫ mice (12) . Upon immunization, young Aio Ϫ/Ϫ mice show a similar increase in the number of GCs (not depicted). Thus, there is no intrinsic defect in the signals that drive B cell differentiation into a GC reaction in Aio Ϫ/Ϫ mice. Aio Ϫ/Ϫ GCs, however, appear to sustain B cell clones with decreased BCR affinity for Ag, as an increased number of noncanonical V(D)J rearrangements was recovered 13 d after primary immunization. Even within B cell clones with canonical sequences, changes reflective of antigenic selection such as high R/S ratios in CDR, W→L mutation at position 33, and usage of the YYGS/N motif in the CDR3, were decreased in Aio Ϫ/Ϫ GC B cells. Analysis of the 3Ј flanking region of the V H gene of GC B cells in Peyer's patches, which is not subject to selection, showed no defect in somatic hypermutation. Thus, there seems to be a relaxed negative selection in B cells from Aio Ϫ/Ϫ mice, allowing survival of low affinity GC B cells that would otherwise be lost during the primary response. This could be explained by the fact that Aio Ϫ/Ϫ B cells have decreased BCR signaling thresholds, allowing survival of cells in Aio Ϫ/Ϫ mice that would have otherwise died by neglect in the GC.
Although there is a partial impairment in the selection of high affinity B cell clones in the GCs of Aio Ϫ/Ϫ mice, an altered level of signaling through the BCR is not likely to account for the severe reduction of plasma cells in the BM. There is recent evidence that very low affinity cells can undergo a GC reaction and mount AFC responses, and that low affinity plasma cell clones can survive long-term in the BM (23) . In addition, Fc␥RIIB-deficient mice, whose B cells also display a hyperresponsive phenotype, have normal to increased humoral responses (24) . As high affinity B cell clones are seen in the GCs of Aio Ϫ/Ϫ mice, one would expect some contribution from these cells to the BM plasma cell compartment, which is not the case. Furthermore, high affinity memory B cells (Fig. 2 A) are generated in normal numbers, indicating that B cells exiting the GC have undergone antigenic selection. Upon restimulation, these memory B cells (Fig. 7, population D) are responsible for the rapid but transient appearance of short-lived high affinity plasma cells in the spleen (Fig. 7 , population E), resulting in a small temporal increase in high affinity anti-NP Ab titers. However, the BM plasma cell population remains severely impaired (Fig. 7, population F) , suggesting that their deficit lies beyond the GC. Molecular analysis of sorted GC B cells supports this hypothesis because the expression of genes involved in clonal selection, survival, and plasma cell differentiation within the GC was normal in Aio Ϫ/Ϫ mice (Fig. 5) . It is possible that the development of naive precursors of high affinity BM plasma cells are specifically affected by lack of Aiolos. Potential differences in the Aio Ϫ/Ϫ naive anti-NP repertoire relative to WT may also be responsible for the BM AFC deficit.
To determine whether the lack of BM plasma cells was due to a defect in homing or migration, AFC activity was assayed at other immunological sites. In mice deficient in the chemokine receptor CXCR4, homing of plasma cells or their precursors to the BM is impaired and plasma cells are found in elevated numbers in the blood and spleen of these mice for 2 wk after immunization (25) . In Aio Ϫ/Ϫ mice, no increase in the number of NP-specific AFC activities was found in the blood or the lymph nodes. Examination of populations enriched for GC B and plasma cells as well as in vitro LPS-differentiated plasma cells revealed no defect in the expression of the chemokine receptors CXCR4, CXCR5, and CCR7 in Aio Ϫ/Ϫ cells. Expression of the adhesion molecules CD44, VLA-4, and LFA-1, which are up-regulated in plasma cells and involved in their stromal interaction (26) , was also examined but no significant difference was found between Aio Ϫ/Ϫ and WT levels. Thus, it is unlikely that misexpression of these receptor and adhesion molecules causes altered homing or retention of plasma cells in the Aio Ϫ/Ϫ mice. It is possible that misexpression of other chemokine receptors with a potential role in plasma cell homing (27) is deregulated. Nonetheless, the low titer of high affinity NP-specific Abs in the serum of Aio Ϫ/Ϫ mice detected immediately to a few weeks after immunization correlates with the severe reduction of high affinity plasma cells and rules out an alternative site for their retention and short-term survival.
It is possible that BM plasma cells are generated in Aio Ϫ/Ϫ mice but are unable to survive due to a stromal defect. BM stroma was recently shown to be required for selection and survival of long-lived BM plasma cells (26, 28) . In addition, stromal cells secrete IL-6, a growth factor required for plasma cell survival within the BM (26, 29) . Reconstitution studies showed that Aio Ϫ/Ϫ B cells were not able to differentiate into plasma cells even in the presence of WT BM stroma (Fig. 4 C) . These experiments rule out a stromal defect as the underlying cause of the AFC deficiency. Mixed chimera experiments have also confirmed that the plasma cell defect is intrinsic to the B cell compartment and not caused by insufficient help from Aio Ϫ/Ϫ T cells. These studies also rule out the possibility that plasma cell interactions with other BM B cells, which are altered in Aio Ϫ/Ϫ mice (i.e., pre-B/immature B; reference 12), were responsible for their BM AFC deficit.
Previous studies have shown that Ikaros and Aiolos are essential components of chromatin remodeling complexes within the nucleus that modulate the structure of chromatin to effect gene expression and control lymphocyte differentiation and proliferation (30) (31) (32) . Gene expression studies on populations enriched for plasma cells and their precursors failed to reveal a major deficit in any of the previously described plasma cell differentiation factors. However, the low frequency of NP-specific plasma cells ‫%1ف(‬ of CD138 ϩ plasma cells in WT) could limit our ability to visualize changes in their gene expression profile within a heterogeneous plasma cell-like population. Therefore, we can only conclude that Aiolos does not affect expression of genes previously shown to be required for differentiation of all plasma cells. Another possibility is that Aiolos controls unidentified genes required for the differentiation or imminent survival of the long-lived high affinity plasma cell in the BM.
It has been recently shown that short-and long-lived plasma cells are derived from phenotypically distinct plasma cell precursor populations (33) . This investigation provides further evidence that T cell-dependent generation of longlived high affinity plasma cells occurs independently of other plasma cell subsets. It provides support for the hypothesis that these are a separate entity of Ab-secreting cells with a differentiation program that is distinct from that of short-lived high affinity as well as low affinity plasma cells. Future studies will aim to determine whether Aiolos is involved in generating and/or determining the fate of the plasma cell precursor populations. In contrast to the transcription factors Blimp-1, XBP-1, and IRF4, whose activities affect all plasma cells, Aiolos is the first transcription factor described to be specifically required for the differentiation and/or survival of the long-lived high affinity subset.
